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 Tevatron Tevatron and CDF IIand CDF II
 BsBs→→DsDsDsDs
 BsBs→→KKKK
 BsBs→→J/J/ψϕψϕ

 Bs Bs MixingMixing
   For Flavor Tagging calibrationFor Flavor Tagging calibration

to be used to be used in in BsBs→→J/J/ψϕψϕ

ΔΓΔΓ

ββss
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Tevatron at Fermilab

Main Injector
 & Recycler

Tevatron

p source

Booster CDF
DØ

-- p p p collisions at 1.96 p collisions at 1.96 TeVTeV

--  All b All b hadron hadron species produced:species produced:

B, BB, Bss, , BBc c , , ΛΛbb ,  , ΣΣbb ,  , ΞΞbb ,  , ΩΩbb……

•• more than 5  more than 5 fbfb––11  data on tape for each experimentdata on tape for each experiment

•• Show analyses  Show analyses ≤≤ 2.8 fb 2.8 fb-1 -1 of dataof data
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CDF II Detector
In Addition:In Addition:

•• Particle identification:  Particle identification: dE/dX dE/dX and TOFand TOF
•• Electron and  Electron and muon muon ID by calorimetersID by calorimeters
and and muon muon chamberschambers

TRACKING system:TRACKING system:

••  Drift Chamber    Drift Chamber    96 layers (|96 layers (|ηη|<1)|<1)

      particle particle ID with dE/dxID with dE/dx

••  Silicon Tracker  Silicon Tracker  (L00+SVX+ISL, up to |(L00+SVX+ISL, up to |ηη||≈≈2)2)

      I.P. resolution 35 I.P. resolution 35 µµm at 2 GeVm at 2 GeV
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Neutral Bs System
- Time evolution of B- Time evolution of Bss flavor  flavor eigenstates eigenstates described by described by Schrodinger Schrodinger equation:equation:

--  Diagonalize Diagonalize mass (M) and decay (mass (M) and decay (ΓΓ) matrices) matrices
→→ mass  mass eigenstates eigenstates ::   

-  Flavor eigenstates differ from mass eigenstates and mass eigenvalues are-  Flavor eigenstates differ from mass eigenstates and mass eigenvalues are
different ( different ( ΔΔmmss = m = mHH - m - mLL  ≈≈ 2|M 2|M1212|  )|  )
     

-- Mass  Mass eigenstates eigenstates have different decay widthshave different decay widths
  ΔΔ  ΓΓ =  = ΓΓ  LL  ––  ΓΓHH  ≈≈  22||ΓΓ  1212| | coscos((ΦΦss))     wherewhere                                   ≈≈ 4x104x10-3-3

s
SM
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ΔΓ : Lifetime Difference
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CP Specific: Bs → DsDs
••Assume no CP violation: Assume no CP violation: BBss

LL  = CP even, = CP even, BBss
HH  = CP= CP

oddodd
•• b  b →→  ccs ccs decay (e.g.  Bs decay (e.g.  Bs →→ Ds Ds) is pure CP even Ds Ds) is pure CP even
•• Thus a lifetime measurement of Bs  Thus a lifetime measurement of Bs →→ Ds Ds would Ds Ds would
measure measure ΓΓLL

0 (*) (*)2 s s sBr B D D− +ΔΓ
= →Γ ( )

HOWEVERHOWEVER
•• Branching ratio is related to Branching ratio is related to ΔΓ/ΓΔΓ/Γ and and
if neglect small CP odd component:if neglect small CP odd component:

0
0.38 0.08

0.31 0.120

( )
1.44 ( ) ( ) 0.21 0.20( )

( )

s s s s

d s d

BR B D D f
stat sys BR

BR B D D f
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" #$
= ± ±% &
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•• BR (B BR (Bss  →→  DDss D Dss ) measured relative to B ) measured relative to B00  →→  DDss D D--

•• Three D Three Dss decay modes reconstructed in each case decay modes reconstructed in each case

7.57.5σσ
ObservationObservation

InIn
355 pb355 pb-1-1
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CP Specific: Bs → DsDs

••  New New AnalysisAnalysis  onon
goinggoing..

••New New NeuralNeural
Network Network SelectionSelection
to increaseto increase
acceptanceacceptance
(in (in 1.6 fb1.6 fb-1-1):):

( )0 (*) (*)2 0.012
s s s

Br B D D
! +"#

$ % $
#

95% C.L.:95% C.L.:With With 355 pb355 pb-1-1

~~  105 105 BsBs→→DsDsDsDs

~ ~ 1930 1930 BdBd→→DDsDDs

PhysPhys..RevRev..LettLett.100:021803,2008.100:021803,2008..
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CP Specific: Bs → KK
••  First First Measurement Measurement of of BsBs  →→  KK KK lifetime performed lifetime performed in 360 pbin 360 pb-1-1..
BsBs  →→  KK KK extracted using extracted using a a Maximum Likelihood fit that combinesMaximum Likelihood fit that combines
kinematics kinematics and and particle identification informationparticle identification information
••  Lifetime measurement interesting sinceLifetime measurement interesting since ~ ~ 95% CP even95% CP even
••    BB→→hh hh decays can be resolved at CDFdecays can be resolved at CDF

••Displaced track triggerDisplaced track trigger
••Good mass resolutionGood mass resolution

ττ(B(Bss→→ K K++KK--) = 1.53 ± 0.18(stat) ± 0.02(sys) ) = 1.53 ± 0.18(stat) ± 0.02(sys) psps

Use HFAG flavour specificUse HFAG flavour specific  ττ  ==  1.454±0.040 1.454±0.040 psps 
 

0.08 0.23( ) 0.03( )stat sys
!"

= # ± ±
"

In 2fbIn 2fb-1-1 we expect: we expect:
ττ  stat error 0.06-0.09psstat error 0.06-0.09ps

360 pb360 pb-1-1

http:http://www-cdf//www-cdf..fnalfnal..gov/physics/new/bottom/060126gov/physics/new/bottom/060126.blessed-BsKK_lifetime/.blessed-BsKK_lifetime/



10

Bs → J/ψφ

-- Extremely physics rich decay mode Extremely physics rich decay mode

-- Can measure lifetime,  Can measure lifetime, decay width  differencedecay width  difference  ΔΓΔΓ  and and CP violating phaseCP violating phase  ββss  

- Decay of B- Decay of Bss (spin 0) to (spin 0) to J/ J/ΨΨ(spin 1)(spin 1)  ΦΦ(spin 1) leads to three different (spin 1) leads to three different 
angular momentum final states:  angular momentum final states:  

L = 0 (s-wave), 2 (d-wave) L = 0 (s-wave), 2 (d-wave) →→ CP even (  CP even ( ≈≈ short lived or light B short lived or light Bss if if  ΦΦs s ≈≈ 0 0 ) )
  
                                L = 1 (p-wave)                    L = 1 (p-wave)                    →→ CP odd  (  CP odd  ( ≈≈ long lived or heavy B long lived or heavy Bss if if  ΦΦs s ≈≈ 0 0  ))   

- three decay angles - three decay angles ρ = ρ = ((θθ,,φφ,,ψψ)) describe describe
directions of final decay productsdirections of final decay products
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Tagged Bs → J/ψφ: ΔΓ

••  PerformedPerformed
simultaneoussimultaneous mass, mass,
lifetime andlifetime and
angular fitangular fit
••  CDFCDF
reconstructedreconstructed
aroundaround 3200 3200
events in 2.8 fbevents in 2.8 fb-1-1

using selectionsusing selections
based onbased on Neural Neural
Network .Network .
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Tagged Bs → J/ψφ: ΔΓ

cτs = 459 ± 12 (stat) ± 3 (sys) µm
ΔΓ =  0.02 ± 0.05 (stat) ± 0.01 (sys) ps-1

|A0|2 = 0.508 ± 0.024 (stat) ± 0.008 (sys)

|A//|2 = 0.241 ± 0.019 (stat) ± 0.007 (sys)

Assume No CP Assume No CP violationviolation
In 2.8 fbIn 2.8 fb-1-1 : :

Predicted Predicted ΔΓΔΓ
0.0960.096±± 0.039ps 0.039ps-1-1

((arxivarxiv: 0802.0977): 0802.0977)

Published analysis with 1.7fb-1 : Phys. Rev. Lett. 100, 121803 (2008)

This result with 2.8 fb-1 :
http://www-cdf.fnal.gov/physics/new/bottom/080724.blessed-tagged_BsJPsiPhi_update_prelim/
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Add Flavor Tagging

CP Violation Phase βs
in Bs → J/ψφ

-- CP violation phase  CP violation phase ββss in SM is predicted to be very small, in SM is predicted to be very small, O( O(λλ22) ) 
→→ New Physics CPV can compete or even dominate over small Standard Model CPV New Physics CPV can compete or even dominate over small Standard Model CPV

-- Ideal place to search for New Physics Ideal place to search for New Physics



14 CP Violation Phase βs in
Tagged Bs → J/ψφ

-- Likelihood expression predicts better sensitivity to  Likelihood expression predicts better sensitivity to ββs s but still doublebut still double
minimaminima
due to symmetry:due to symmetry:

--  Study expected effect of taggingStudy expected effect of tagging
     using pseudo-experiments     using pseudo-experiments

-- Improvement of parameter Improvement of parameter
resolution is small due to limitedresolution is small due to limited
tagging power (tagging power (εεDD22 ~ 4.5% ~ 4.5%
compared to B factories ~30%)compared to B factories ~30%)

-- However,  However, ββss  → → --ββss no longer a no longer a
     symmetry     symmetry
→ → 4-fold ambiguity reduced to4-fold ambiguity reduced to

2-fold ambiguity2-fold ambiguity
→ → allowed region for allowed region for ββss is reduced to half is reduced to half

pseudo experiment 2pseudo experiment 2ββss--ΔΓΔΓ likelihood profile likelihood profile

22ΔΔlog(L) = 2.3 log(L) = 2.3 ≈≈ 68% CL 68% CL
22ΔΔlog(L) = 6.0 log(L) = 6.0 ≈≈ 95% CL 95% CL

un-tagged
tagged

‘typical’ 
pseudo-exp

strong phases strong phases 
can separate can separate 
the two minimathe two minima 



15 CP Violation Phase βs in
Tagged Bs → J/ψφ

- CDF: Standard Model- CDF: Standard Model
probabilityprobability  7%, ~1.87%, ~1.8σσ

--  HFAG combines HFAG combines old CDF (1.4 fbold CDF (1.4 fb-1-1, 1.5, 1.5  σσ  from SM, from SM, PRLPRL
100, 161802 (2008)100, 161802 (2008)  ))
-- D DØ Ø (2.8 fb(2.8 fb-1-1, 1.7, 1.7  σσ  from SM) results yield a 2.2from SM) results yield a 2.2  σσ
deviation from SM (similar results from deviation from SM (similar results from UTFit UTFit and CKM)and CKM)

-- Ongoing CDF and Ongoing CDF and D DØ Ø work to work to produce produce TevatronTevatron
      ΔΓΔΓ -  - ββss  average using 2.8 fbaverage using 2.8 fb-1-1

-- Investigating two combination methods: Investigating two combination methods:
-- combine 2D profile likelihoods combine 2D profile likelihoods

- will be ready very soon- will be ready very soon
        -         - perform simultaneous fit of CDF andperform simultaneous fit of CDF and DØ  DØ datadata

-- expect to be more powerful, longer timescale expect to be more powerful, longer timescale

Different ConventionsDifferent Conventions::
φφs               s                 ββss
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Future
--  Tevatron Tevatron can search for anomalously large values of can search for anomalously large values of ββss . .

-- Shown results with 2.8 fb Shown results with 2.8 fb-1-1, but, but more than  more than 55 fb fb-1-1 already on tape to be analyzed soon with already on tape to be analyzed soon with
NEW flavor NEW flavor taggertagger..

-- Currently considering other improvements. Currently considering other improvements.

--  Expect 8 fbExpect 8 fb-1-1 by the end of Run 2 by the end of Run 2 in 2010 in 2010 (maybe 10 fb(maybe 10 fb-1-1 by end of 2011  by end of 2011 ??).).

CDF only
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8 fb-1

6 fb-1

ββss (radians)                                              (radians)                                             ββss (radians) (radians)

CDF+DØ

(assume twice CDF)

 If  If ββss is indeed large is indeed large
combined combined TevatronTevatron
results have goodresults have good
chance to prove it.chance to prove it.
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Bs Mixing

 CDF Observed Bs Mixing and Measured : CDF Observed Bs Mixing and Measured :
ΔΔmmss = 17.77  = 17.77 ±± 0.12 ps 0.12 ps-1-1

- Tevatron: - Tevatron: bb-quarks mainly produced in-quarks mainly produced in
b anti-bb anti-b-pairs-pairs→ → flavor of the B meson atflavor of the B meson at
production inferred withproduction inferred with

- OST: exploits decay products of other- OST: exploits decay products of other
bb-hadron -hadron in the eventin the event

-- SST: exploits the correlations with SST: exploits the correlations with
particles produced in fragmentationparticles produced in fragmentation

 Bs Mixing is now a very important benchmark for flavor tagging calibration  Bs Mixing is now a very important benchmark for flavor tagging calibration 

Old Old TaggerTagger

--  OST calibrated onOST calibrated on data (Bdata (B++, B, B00))

-- SSKT calibrated on  SSKT calibrated on MCMC, but checked on B, but checked on Bss
mixing measurementmixing measurement

-- Combined tagging power at  CDF  Combined tagging power at  CDF ~~4.5%4.5%
(compared to (compared to ~~30% at B factories)30% at B factories)

PRL 97, 242003 2006PRL 97, 242003 2006



18 New Tagger Principle

••  Same Same Side:Side:  tracks tracks in the in the same same sideside
in in which which the the same same side B side B was foundwas found..
•• Leptons Leptons::  tracks that tracks that are electronare electron
or or muon muon candidate.candidate.
••  OthersOthers:: al al  remaining tracks remaining tracks ((veryvery
low low B B flavor informationflavor information).).

••  SplitSplit  all charged tracks into all charged tracks into the the threethree
subsamplessubsamples: : same same side, side, leptons leptons andand
othersothers..
••  TrainTrain an independent  an independent ““Track Track FlavorFlavor
Correlation Neural Correlation Neural NetworkNetwork””  for eachfor each
subsamplesubsample
••  CombineCombine  tracks tracks of of each subsample each subsample inin
a a separate separate Likelihood Likelihood RatioRatio

Combine the Combine the information from all tracks information from all tracks in the in the eventevent

The new The new Tagger Tagger will be calibrated/checked on MC and on will be calibrated/checked on MC and on NEW BNEW Bss mixing mixing
measurementmeasurement with higher statistics data samples and used in  with higher statistics data samples and used in NEWNEW  taggedtagged  Bs Bs →→  J/J/ψφψφ
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Conclusions
••  Several ways of measuringSeveral ways of measuring  ΔΓΔΓ  have been deployed; to be updatedhave been deployed; to be updated
soon:soon:

( )0 (*) (*)2 0.012
s s s

Br B D D
! +"#

$ % $
#

( ) 0.08 0.23( ) 0.03( )
s
B K K stat sys

+ !"#
$ = ! ± ±

#

(95% C.L.)

1( / ) 0.02 0.05( ) 0.01( )
s
B J stat sys ps!" #$% & = ± ±

•• Significant regions in Significant regions in  ββss  space are ruled outspace are ruled out

••  CDF observes 1,8 sigmaCDF observes 1,8 sigma  ββss  deviations from SM predictionsdeviations from SM predictions

•• Combined HFAG result 2.2 sigma w.r.t SM expectation Combined HFAG result 2.2 sigma w.r.t SM expectation

•• Soon: updated analyses from CDF with new  Soon: updated analyses from CDF with new tagger tagger and more dataand more data
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Backup Slides
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